ABSTRACT: A 5 × 5 Latin square design was used to determine the effects of restricted and ad libitum intake of diets containing wheat middlings on the site and extent of digestion compared to ad libitum intake of a corn-based diet and ad libitum intake of chopped alfalfa hay. Five ruminally and duodenally cannulated Angus steers (519 ± 41.5 kg BW) were used to compare five dietary treatments. The five treatments were as follows: ad libitum access to a corn-based finishing diet (control), the control diet with 25 percentage units of the corn and soybean meal replaced with wheat middlings offered ad libitum (WM), the WM diet restricted to 75% of predicted ad libitum intake (RWM), the RWM diet with wheat middlings replaced with ammoniated wheat middlings (RNWM), and ad libitum access to a chopped alfalfa hay diet. Although RWM steers were fed to consume 75% of ad libitum intake, RWM steers consumed 15.5% less DM than WM. Steers fed ad libitum hay
Introduction
Beef producers need to reduce production costs and increase production efficiencies. Restricted feeding is a management practice that may help producers reach those goals. In addition, the use of by-product feeds has become very popular within the beef industry. However, the digestibility of by-product feeds is lower than that of traditional cereal grains. Wheat middlings is one by-product feed that has been shown to decrease feed efficiency and animal performance when high levels are used in place of corn (Brandt et al., 1986; Dalke et al., 1997) .
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Received June 21, 2001 . October 18, 2001 812 consumed 28.6, 31.7, and 37.2% less (P < 0.01) DM, OM, and nitrogen than RWM steers. No differences in apparent or true ruminal digestibility were observed among steers fed the control vs WM, WM vs RWM, RWM vs RNWM, or RWM vs hay diets. However, the steers fed the hay diet had 32.5, 33.4, and 36.9% lower (P < 0.01) apparent total tract digestibilities of DM, OM, and N than those fed the RWM diet. Average ruminal pH was lower (P < 0.01) for control steers than those fed the WM diet and for those fed RWM compared to the hay diet. The acetate:propionate ratio was higher for cattle fed hay vs the RWM diet. Microbial DM and OM flow to the small intestine was higher (P < 0.02) for steers fed the RWM diet than those fed the hay diet. In addition, bacterial N flow to the small intestine was higher (P < 0.01) for cattle receiving the RWM diet than the hay diet. Feeding diets containing 25 percentage units of wheat middlings at 75% ad libitum intake had no effect on ruminal digestibility.
fore, the use of wheat middlings in high concentrate diets fed at restricted levels may improve nutrient availability. Ammoniation has been used to improve DM and OM digestibilities of low-quality roughages (Herrara-Saldana et al., 1983) . Preliminary research in our laboratory showed that treating wheat middling with 6% ammonium hydroxide increased in situ DM disappearance. Therefore, the objective of this study was to evaluate the effects of restricted and ad libitum intake of diets containing wheat middlings on site and extent of digestion compared to ad libitum intake of a corn-based diet and ad libitum intake of chopped alfalfa hay.
Experimental Procedures

Animals
Five ruminally and duodenally cannulated Angus steers (519 ± 41.5 kg) were used in a 5 × 5 Latin square design with 15-d treatment periods. Cannulation was previously done under a research protocol approved by the Laboratory Animal Care Advisory Committee, University of Illinois. Treatments were as follows: ad libitum access to a corn-based finishing diet (control), control diet with 25 percentage units of corn and soybean meal replaced with wheat middlings offered ad libitum (WM), the WM diet restricted to 75% of predicted ad libitum intake (RWM), the RWM diet with wheat middlings replaced with ammoniated wheat middlings (RNWM), and ad libitum access to a chopped alfalfa hay diet (the hay diet). The predicted intake was 2.3% of body weight for steers receiving the control, WM, and hay diets.
Diets
The diets are presented in Table 1 . The control diet and diets that contained wheat middlings contained 15% corn silage (on a DM basis). The 25% restriction for the RWM was chosen to provide steers the same estimated TDN intake as steers fed ad libitum hay (NRC, 1984) . For the RNWM diet, wheat middlings were ammoniated by mixing the wheat middlings with 6.0% (w/wt) ammonia hydroxide (DM basis) and water to bring the final mixture to 66% DM. This level of ammoniation was used based on a preliminary in situ study in which wheat middlings were ammoniated at various levels to determine the level of ammoniation that gave the highest DM disappearance. After ammoniation, the wheat middlings were sealed in plastic bags for 14 d before the start of the trial. Steers were allowed to adapt to dietary treatments from d 1 to 11, and sampling occurred during d 12 to 15. Steers were fed once daily at 0800, and feed refusals were collected once daily at 0800 on d 12 to 15 to determine daily DMI.
Sample Collection and Analyses
A gelatin capsule containing 7.5 g of chromic oxide was inserted into the rumen daily at 0800 and 2000 to provide a marker to estimate DM and OM digestibility and DM and OM flow to the duodenum. To determine liquid dilution rate, 10 g of CoEDTA (Uden et al., 1980) was dissolved in 250 mL of water and dosed via the rumen cannula at 0800 on d 12. Particulate passage rate was determined using ytterbium chloride (3 g of Yb), which was sprayed on 2.3 kg of total mixed diet. The Yb-marked feed was offered to steers for consumption at 0800 on d 12. The marked feed that was not consumed by 15 min was dosed via the rumen cannula.
Subsamples of ruminal contents were collected at 4, 8, 12, 16, 20 , and 36 h after dosing to measure liquid and particulate dilution rates. Ruminal content subsamples were obtained from four places in the rumen using a core sampler at each collection to obtain a representative sample. Ruminal contents were strained through six layers of cheesecloth, and samples were frozen for analyses of Yb and Co (Hart and Polan, 1984) by atomic absorption spectrophotometry to determine particulate and liquid passage rates from the rumen. Strained ruminal fluid was collected at 0, 2, 4, 6, 8, 12, 16, 20 , and 24 h on d 12 and immediately analyzed for pH. A 50-mL aliquot was acidified with 3 mL of 6 N HCl and frozen. Acidified ruminal fluid was later thawed and centrifuged at 25,000 × g for 20 min, and VFA concentrations in the supernate were analyzed according to Merchen et al. (1986) . In addition, ammonia N levels were determined in the supernatant according to the procedures of Chaney and Marbach (1962) . To obtain a ruminal bacteria-rich isolate, ruminal contents were collected at 0, 6, 12, and 20 h on d 12 using a core sampler. Whole contents were placed in a blender and homogenized for 2 min to dislodge adherent bacteria and then strained through eight layers of cheesecloth, composited, and frozen. The frozen bacterial samples were thawed and centrifuged at 500 × g for 20 min to remove large particles and then at 27,000 × g for 20 min. The bacteria-rich pellet was then washed with 0.9% saline, centrifuged at 25,000 × g for 20 min, lyophilized, and analyzed for DM, OM, Kjeldahl N (AOAC, 1984) , and purine concentration (Zinn and Owens, 1982) .
Duodenal digesta samples were taken 23 times over a 4-d period. Samples were composited on an equalvolume basis for each steer and frozen. Frozen digesta was allowed to thaw, and subsamples were obtained by stirring the digesta in a slurry and siphoning a homogenous subsample. The digesta subsample was lyophilized and then analyzed for DM, OM, and Kjeldahl N (AOAC, 1984) , and chromium (Williams et al., 1962) content to determine the extent of digestion preceding the small intestine. Digesta was also analyzed for purine concentration according to the procedures of Zinn and Owens (1982) .
Fecal grab samples were collected each time duodenal digesta was collected and composited for each steer and frozen. Feed and feed refusal samples were collected daily during the 4-d collection period. Fecal and feed samples were dried at 55°C in a forced-air oven and ground through a 2-mm screen. Feed and fecal samples were analyzed for DM, OM, Kjeldahl N (AOAC, 1984), and gross energy (1261 Isoperibol Calorimeter, Parr Instrument, Moline, IL). Fecal samples were analyzed for chromium (Williams et al., 1962) to determine apparent total-tract DM, OM, and energy digestibilities.
Calculations and Statistical Analyses
Nutrient digestibilities in the rumen and total tract were calculated by reference to chromic oxide concentrations. No significant differences due to treatment, period, or animal effects were observed for bacteria purine:N. Therefore, an average of all steers was used to calculate true ruminal digestion and microbial flow to the small intestine.
Steer digestion and metabolism data were analyzed as a 5 × 5 Latin square using the GLM procedures of SAS (SAS Inst. Inc., Cary, NC). Model fixed effects were diet, animal, and period. The residual error mean square was used as the error term. Rumen pH and ammonia concentrations were analyzed as repeated measures using the mixed models procedure of SAS. No treatment × time interaction occurred for ruminal pH or ruminal ammonia; therefore, only average values were presented. Regression analyses of the natural logarithm of ruminal marker concentration over time were performed using the REG procedure of SAS (SAS Inst. Inc.). Liquid and particulate passage rates were determined as the slope of the regression. Treatment comparisons were conducted by orthogonal contrasts: 1) control vs WM, 2) WM vs RWM, 3) RWM vs RNWM, and 4) RWM vs hay.
Results and Discussion
Average daily nutrient intakes of steers are presented in Table 2 . The experiment was designed so that RWM-fed steers would consume 75% ad libitum intake of WM-fed steers. However, RWM-fed steers consumed 84.5% of the ad libitum intake of the WM steers because steers fed WM consumed less feed than predicted. The hay-fed steers consumed 28.6, 31.7, and 37.2% less (P < 0.01) DM, OM, and N than did the RWM-fed steers. Brandt et al. (1986) and Dalke et al. (1997) reported that DMI decreased when wheat middlings replaced more than 15% of corn in finishing diets. In contrast to these findings, control and WM-fed steers had similar (P = 0.73) DM and OM intakes.
No differences among diets were observed in apparent or true ruminal digestibility of DM, OM, or N ( Table  3 ). The true ruminal digestibility of DM reported in this study was approximately 20% lower than digestibility values for high-grain diets observed by Wanderley et al. (1987) . The digestibility values in this study were lower because Wanderley et al. (1987) fed their diets at approximately 1.3% of BW, and steer intakes in the present study were 2.0% of BW. Spicer et al. (1986) and Rahnema et al. (1987) reported true ruminal OM digestibility values that are slightly higher than those presented in this study. These differences in digestibility values may be due to the feeding of an ionophore in the present study (Poos et al., 1979; Isichei and Bergen, 1980; Whetstone et al., 1981) . Hart and Glimp (1991) found that restricting intake of a 90% concentrate diet had no effect on DM or crude protein digestibilities. However, Murphy et al. (1994b) reported that restricted intakes of all concentrate diets improved apparent ruminal DM digestion, but had no effect on true ruminal OM digestibility. Restricting the intake of high-concentrate diets improved apparent total-tract DM, OM, and crude protein digestibility (Murphy et al., 1994c) . In addition, Murphy et al. (1994a) reported that apparent total-tract N digestion was improved with restricted intakes. In this study, restricting intake of a high-concentrate diet containing wheat middlings showed no improvement in apparent total-tract digestion of DM, OM, N, or energy.
Although no significant difference in digestibilities were observed between the RWM and RNWM diets, there were 7.5 and 8.6 percentage-unit increases in true ruminal DM and OM digestibilities, respectively, due to ammoniation. This is a large increase in digestibility due to ammoniation when it is considered that the wheat middlings constituted 25% of the diet. HerreraSaldana et al. (1982) reported that ammoniation of wheat straw had no effect on apparent total-tract digestion of DM and OM. However, Herrara-Saldana et al. (1983) found that ammoniation of wheat straw im- proved apparent total-tract digestion of DM, but gross energy digestion was not affected. In this study, ammoniation of wheat middlings had no effect on total-tract DM, OM, or N digestibility.
Apparent total-tract digestibilities were 32.5, 33.4, and 36.9% less (P < 0.01) for steers consuming the hay diet than those consuming the RWM diet for DM, OM, and N, respectively. Apparent total-tract energy digestibility was 65.4% higher (P < 0.01) for the cattle fed the RWM diet compared to the hay diet. Energy digestion was similar (P = 0.42) among steers fed the other treatments. Digestible energy was 3.57 and 3.48 Mcal/kg of DM for the control and WM diets, respectively. When the digestible energy was calculated using the NRC (1996), digestible energy was 3.68 and 3.46 Mcal/kg for the control and WM diets, respectively.
The effects of diet and intake level on ruminal characteristics are shown in Table 4 . Average ruminal pH was lower (P < 0.01) for steers fed the control diet when compared to the WM diet (5.43 vs 5.77, respectively). Table 3 . Effects of ad libitum and restricted intakes in steers fed diets containing wheat middlings on nutrient digestibility when compared to ad libitum intakes of a corn based and an alfalfa hay diet In addition, ruminal pH was higher (P < 0.01) for cattle fed the hay diet than for those fed the RWM diet. Restricting the intake of the WM diet had no effect on ruminal pH. Murphy et al. (1994b) also found that restricting intake of a high-concentrate diet had no effect on ruminal pH. There were no treatment time interactions for rumen pH.
Restricting the intake of the WM diet had no effect on ruminal ammonia level. Ruminal ammonia levels peaked for all diets 2 h after feeding and decreased rapidly for steers fed the concentrate diets. There were no treatment × time interactions for rumen ammonia. Hart and Glimp (1991) observed that restricted intake of a 90% concentrate diet had little effect on ruminal pH or ammonia concentration. In contrast, Murphy et al. (1994b) found that restricting intakes of corn silagebased diets increased ruminal ammonia concentrations.
Acetate, propionate, and butyrate concentrations were similar (P < 0.20) for the control and WM diets and for the WM and RWM diets (Table 4) . Murphy et al. (1994a) found that intake had little effect on acetate and propionate when whole corn was fed, but high intakes reduced acetate and increased propionate when rolled corn was fed. The acetate:propionate ratio was similar (P = 0.12) for the concentrate diets; however, the ratio was higher (P < 0.01) for cattle consuming the hay diet than for cattle fed the RWM diet.
Microbial DM and OM flow to the small intestine were similar (P = 0.26) among the concentrate diets (Table 5) . However, the microbial DM and OM flows to the small intestine were higher (P < 0.01) for steers fed the RWM diet when compared to the hay diet. In addition, the bacterial N flow to the small intestine was higher (P < 0.01) for steers consuming the RWM diet than for steers on the hay diet. Wanderley et al. (1987) observed that the bacterial DM entering the duodenum was 69% higher for a grain diet than a forage diet, but no differences were observed between diets in the amount of bacterial protein reaching the duodenum.
No differences were observed (P = 0.17) among treatments in liquid or particulate passage rates from the rumen. Murphy et al. (1994b) reported a 32.7% decrease in ruminal liquid dilution rate when intake of a corn silage-based diet was restricted to 80% ad libitum. Those researchers further reported that ruminal liquid dilution rate was decreased 53.4% when intake of a 90% concentrate diet was restricted to 80% ad libitum. Differences in marker technique, particle size, and level of intake all contributed to the inconsistent observations among trials.
Implications
The use of wheat middlings in place of 25 percentage units of corn and soybean meal in a high-concentrate finishing diet showed no effect on digestibility. The use of wheat middlings in finishing diets at ad libitum intake resulted in higher average ruminal pH. Though restricting the intake of these diets showed no improvements in digestibility, this management practice may help reduce feed costs. Ammoniation of wheat middlings showed no significant improvements in totaltract digestibility, yet the numerical changes were consistent with our preliminary in situ data.
